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Abstract 

In  2007,  the  Air  Force  Weather  Agency  (AFWA)  approved  a  plan,  collabo¬ 
rative  with  NASA  Goddard  Space  Flight  Center  (GSFC),  to  partner  on  de¬ 
velopment  of  the  Land  Information  System  (LIS),  an  advanced  software 
framework  capable  of  supporting  an  operational  and  research-mode  Land 
Data  Assimilation  System  (LDAS)  for  weather  and  climate  studies.  The 
partnership  led  to  the  development  of  a  structured  5-year  plan  to  continue 
developing  the  LIS  with  newer  science  and  software  capabilities  to  im¬ 
prove  the  land  surface  characterization  products  at  AFWA.  The  results 
were  highly  successful,  leading  LIS  to  be  characterized  as  one  of  the  most 
advanced  LDAS  systems  available.  This  document  builds  on  the  successes 
of  the  initial  2007  LIS  Development  Plan  (LDP07)  and  outlines  incremen¬ 
tal  steps  toward  achieving  a  new  set  of  goals  not  only  to  enable  science  and 
engineering  achievements  but  also  to  deliver  new  capabilities  of  support¬ 
ing  soldiers  and  decision  makers  at  all  echelons  of  military  support,  from 
command  level  to  small  units.  The  new  support  opportunities  include  sup¬ 
port  for  geospatial  intelligence  needs,  including  global  drought  (agricul¬ 
tural  and  hydrological)  and  hydrometeorology  analysis  and  prediction,  in¬ 
terfaces  that  enable  LIS  to  support  Army  applications  of  maneuver 
support,  additional  work  on  the  coupled  LIS-WRF  interfaces  to  improve 
support  to  dust  lofting  and  brownout,  as  well  as  other  infrastructure  up¬ 
grades. 
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1  Introduction 

Developing  community  modeling  systems  for  both  the  atmosphere  and 
earth  and  implementing  the  community  models  at  the  Air  Force  Weather 
Agency  (AFWA)  are  opening  significant  research-to-operations  pipelines 
that  are  leading  to  major  advances  in  numerical  weather  prediction;  and 
unhindered,  will  lead  to  significant  advances  over  the  next  decade.  The 
now  successful,  mutually  beneficial,  mature  partnership  between  AFWA 
and  the  National  Centers  for  Atmospheric  Research  (NCAR)  has  already 
proven  highly  successful.  The  partnership  increased  the  software  transi¬ 
tion  effectiveness  and  significantly  reduced  the  research-to-operations  gap 
for  transitioning  new  Weather  Research  and  Forecasting  (WRF)  model  ca¬ 
pabilities  into  operations  at  AFWA.  AFWA  receives  technology  and  exper¬ 
tise  from  a  world-class  team  of  industry-leading  numerical  weather  predic¬ 
tion  and  data  assimilation  scientists  while  supporting  cutting  edge 
research  and  development  that  is  second  to  none  and  often  results  in  rapid 
transition  to  operational  capability. 

The  partnership  between  AFWA  and  the  National  Aeronautics  and  Space 
Administration  (NASA)  is  similar.  AFWA  and  NASA  have  met  mutually 
beneficial  goals  of  developing  a  common  software  infrastructure  to  facili¬ 
tate  the  rapid  development,  integration,  and  transition  of  new  terrestrial 
modeling  capabilities  from  research  to  operations.  The  partnership  has 
positioned  AFWA  with  many  advanced  terrestrial  characterization  capabil¬ 
ities  that  offer  new  opportunities  to  support  key  DoD  missions  and  mis¬ 
sion  partners.  An  important  and  successful  result  of  the  AFWA  and  NASA 
partnership  has  been  the  integration  of  the  AFWA  Land  Information  Sys¬ 
tem  (AFWA-LIS)  into  operations,  establishing  a  common  software  frame¬ 
work  for  hydrometeorological  characterization  between  the  research  and 
operations  communities.  The  LIS  software  has  become  a  community 
standard,  similar  to  the  WRF  model  framework,  enabling  AFWA  to  benefit 
from  industry-leading  terrestrial  modeling  R&D  available  through  the 
NASA  community.  Hydrometeorological  research  is  already  demonstrat¬ 
ing  promise— greatly  improving  weather  forecasting  capabilities  that  will 
dramatically  improve  AFWA’s  ability  to  support  ground-based  DoD  and 
Intelligence  Community  assets  worldwide. 
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The  AFWA-LIS  is  an  expanded  DoD  version  of  the  NASA  LIS  software— a 
sophisticated  Land  Data  Assimilation  System  (LDAS)  framework— capable 
of  generating  analyses  of  “weather”  profiles  for  surface  and  near  sub¬ 
surface  soils.  These  profiles  include  the  computation  of  the  surface  energy 
balance  (latent,  sensible,  and  ground  heat  flux),  soil  moisture  and  temper¬ 
ature,  and  (in  the  future)  vegetation  characteristics.  The  AFWA-LIS  devel¬ 
opment  was  guided  by  requirements  and  resources  supplied  by  NASA, 
AFWA,  and  the  Army  to  create  a  system  capable  of  supporting  climate  re¬ 
search,  weather  analysis  and  prediction,  and  Army  terrestrial  environment 
products  that  will  initialize  decision  support  applications.  AFWA  produced 
a  5-year  plan  in  2007,  providing  guidance  for  future  infrastructure  in¬ 
vestment  for  LIS,  ending  in  FY2012.  NASA’s  success  in  achieving  the  goals 
outlined  in  the  FY07-12  plan  necessitates  a  new,  medium-term  outlook  to 
direct  technology  progress  for  the  next  5  years.  This  plan  will  ensure  con¬ 
tinued  LIS  improvements  supportive  of  current  and  evolving  Air  Force, 
Army,  and  Intelligence  Community  terrestrial  product  requirements. 

This  updated  plan  builds  off  the  success  of  the  FYoy-12  LIS  Development 
Plan.  It  will  encourage  infrastructure  capability  enhancements  while  also 
outlining  targeted  developments  to  enable  new  support  opportunities  for 
Army,  Air  Force,  and  the  Intelligence  Community.  New  products  are  need¬ 
ed  to  support  targeting,  deployable  force  protection,  maneuver  and  austere 
entry  planning,  water  security,  stability  operations,  and  much  more.  This 
new  focus  on  developing  products  should  give  terrestrial  modeling  output 
within  the  DoD  a  higher  profile  and  enable  new  support  for  products  not 
currently  available  in  an  operational  environment. 

Additionally,  this  plan  is  not  specifically  tailored  toward  AFWA.  Rather,  it 
will  highlight  the  roles  of  several  organizations  as  collaborators.  The 
broader  defense  modeling  and  simulation  and  military  planning  commu¬ 
nities  need  to  fully  embrace  earth  systems  modeling  enterprise  products 
and  capabilities  for  supporting  soldiers  and  decision  makers.  Additional 
collaborators  include  laboratories  within  the  US  Army  Engineer  Research 
and  Development  Center  and  Army  Research  Laboratory. 


ERDC/CRREL  TN-13-2 


3 


2  Review 

The  initial  LIS  development  plan  focused  on  infrastructure,  aiming  to 
merge  many  AFWA  analysis  packages— the  AFWA  Snow  Depth  analysis 
(SNODEP)  model,  AFWA  Surface  Temperature  analysis  model,  and  Geo¬ 
stationary  Satellite-based  Precipitation  (GEOPRECIP)  analysis— into  a 
single  software  package  capable  of  handling  all  surface  characterization. 
The  outcome  of  the  initial  development  plan  provided  lessons  learned 
while  delivering  on  most  of  its  goals. 

Improving  the  LIS  global  precipitation  analysis  was  a  key  goal  in  the  origi¬ 
nal  plan.  Accurately  identifying  and  characterizing  precipitation  is  a  criti¬ 
cal  component  to  many  hydrometeorological  models  or  analyses.  In  LIS, 
the  accuracy  of  the  precipitation  inputs  is  highly  important  because  the 
hydrologic  model  physics  are  highly  sensitive  to  small  changes  in  water 
budget.  AFWA  improved  precipitation  analysis  capabilities  in  LIS  by  using 
the  NOAA  Climate  Prediction  Center  (CPC)  Morphed  precipitation  analy¬ 
sis  (CMORPH)  model  as  an  enhancement  to  the  Defense  Meteorological 
Satellite  Program  (DMSP)  Special  Sensor  Microwave  Imager/Sounder 
(SSMI/S)-only  precipitation  analysis.  The  addition  of  CMORPH  technolo¬ 
gy  into  the  LIS  modeling  system  increased  the  number  of  satellites  used 
and  decreased  precipitation  error  in  austere  regions  where  surface  obser¬ 
vations  were  scarce.  The  new  LIS  precipitation  methodology  blends  the 
CMORPH  together  with  the  AFWA  GEOPRECIP-method  precipitation 
analyses,  GFS-based  precipitation  (AMPS— AFWA  Merged  Precipitation 
System),  and  surface-based  gauge  observations  to  create  a  merged  global 
LIS  precipitation  analysis.  The  partnership  forged  with  NOAA  CPC  and  the 
collaborative  use  of  CMORPH  will  pave  the  way  for  integrating  into  AFWA 
operations  future  advances  in  remotely  sensed  precipitation. 

Another  focus  in  the  original  plan  was  to  add  and  to  exploit  new  assimila¬ 
tion  methods  for  incorporating  remotely  sensed  land  surface  measure¬ 
ments,  including  soil  moisture,  surface  temperature,  and  other  parame¬ 
ters.  NASA  successfully  integrated  the  NASA  Goddard  Modeling  and 
Assimilation  Office  (GMAO)  Ensemble  Kalman  Filter  (EnKF)  (Kumar  et 
al.  2008)  with  LIS.  This  delivered  a  first-ever  operational  capability  to  as¬ 
similate  remotely  sensed  soil  moisture  observations  from  passive  micro- 
wave  sensors  (e.g.,  NASA  Advanced  Microwave  Sounder/Radiometer  for 
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Earth  Observing  System  [EOS]— AMSR-E)  that  have  adequate  soil  mois¬ 
ture  detection  frequencies  (6,  to  GHz).  The  addition  of  the  EnKF  capabil¬ 
ity  enabled  NASA  to  successfully  assimilate  remotely  sensed  soil  moisture 
observations  from  the  NASA  AMSR-E  and  Navy  WindSat  passive  micro- 
wave  sensors.  Furthermore,  it  allowed  surface  skin  temperature  observa¬ 
tions  from  the  NASA  Moderate  Resolution  Imaging  Spectroradiometer 
(MODIS)  sensor  and  geostationary-orbiting  platforms.  NASA  also  success¬ 
fully  assimilated  hourly  skin  temperature  observations  from  their  research 
global  cloud  analysis  system,  similar  to  the  AFWA  Cloud  Depiction  and 
Forecast  System,  Version  II  (Reichle  et  al.  2010).  The  LIS-EnKF  capability 
also  enables  assimilating  observations  beyond  soil  moisture  and  land  sur¬ 
face  temperature,  including  remotely  sensed  snow  cover  and  snow  depth 
observations,  and  could  be  used  in  the  future  to  assimilate  remotely 
sensed  vegetation  health  information.  A  key  advantage  of  an  assimilation- 
based  approach  (as  opposed  to  simple  direct  insertion  of  datasets)  to  land 
surface  modeling  is  the  ability  to  leverage  the  measurement  uncertainties 
from  remote  sensors.  Incorporating  measurement  uncertainties  with 
model  errors  or  parameter  uncertainties  will  enable  a  broad  ensemble 
modeling  capability  that  will  be  able  to  support  risk-based  decision  aids. 

To  allow  higher  resolution  radiation  budget  computations,  LIS  needs  to 
incorporate  improved  radiation  diagnostic  equations  that  better  account 
for  direct  and  diffuse  incoming  solar  radiation  and  outgoing  longwave  ra¬ 
diation.  LIS  accomplished  this  by  using  higher  resolution  cloud  optical 
properties  information  now  available  from  the  AFWA  cloud  analysis  sys¬ 
tem.  NASA  added  “two  stream,”  “four  stream,”  and  correlated-k  radiation 
algorithms  into  LIS  that  compute  solar  and  terrestrial  radiation  while  ac¬ 
counting  more  specifically  for  cloud  optical  properties.  NASA  also  created 
a  coupler  for  the  Joint  Center  for  Satellite  Data  Assimilation  (JCSDA) 
Community  Radiative  Transfer  Model  (CRTM)  software.  This  both  will 
improve  CRTM’s  land  surface  characterization  for  space-based  atmospher¬ 
ic  and  land  observations  and  will  enable  it  to  assimilate  land  radiances  in 
the  future;  it  also  will  facilitate  the  calculation  of  higher  resolution  energy 
budgets  closer  to  satellite  pixel-level  in  LIS  and  will  support  improved  sur¬ 
face  energy  budget  computations  versus  the  current,  coarse  resolution 
(based  on  24  km  AFWA  World  Wide  Merged  Cloud  Analysis  resolution) 
radiation  computations. 

Finally,  the  NASA  LIS  and  NCAR  WRF  teams  collaborated  to  create  a  cou¬ 
pling  mechanism,  using  the  NOAA  Earth  System  Modeling  Framework 
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(ESMF),  where  LIS  and  WRF  can  execute  in  a  fully  coupled,  two-way  in¬ 
teractive  mode.  This  coupling  enables  more  consistent  data  assimilation 
through  prediction  of  the  surface  state  variables  concomitantly  with  the 
WRF  forecast  field.  It  also  creates  a  significant  opportunity  by  enabling 
both  the  multi-parameter  and  multi-model  ensemble  capabilities  in  LIS  to 
support  additional  WRF-based  ensemble  members. 
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3  Purpose 

This  plan  highlights  some  of  the  operational  requirements  and  back¬ 
ground  for  the  AFWA  terrestrial  numerical  modeling  mission.  It  also  pro¬ 
vides  an  outline  for  future  investment  to  advance  Army,  Intelligence 
Community,  and  Air  Force  planning  capabilities.  The  goal  of  this  plan  is  to 
lay  the  groundwork  for  continued  migration  towards  a  mature  Air  Force 
Weather  Services  capability  to  support  the  Army  Operations  Process  and 
Intelligence  Communities  geospatial  intelligence  systems  with  products 
optimally  tuned  to  provide  decision  support  to  all  echelons.  This  includes 
continental  scale  to  tailored  small-unit  products  supporting  mounted  and 
dismounted  operations.  Existing  weather-integrated  decision  support  sys¬ 
tems,  especially  those  suited  for  supporting  the  Army,  have  not  fully  capi¬ 
talized  on  available  real-time  surface  characterization  products;  this  is 
primarily  because  of  issues  of  resolution  and  relevance.  Unfortunately,  the 
complexities  of  integrating  available  weather  data  and  generating  relevant 
decision-quality  products  has  created  a  gap  between  supplier  and  user 
within  operational  DoD  circles. 

This  planning  document  outlines  a  science-based  approach  to  address  the¬ 
se  complexities  and  resulting  gaps  between  supplier  and  user:  it  is  aimed 
at  increasing  the  production  of  decision-quality  land  surface  weather 
products  capable  of  direct  integration  into  the  military  decision-making 
process  (MDMP).  Additional  focus  is  provided  toward  characterizing  anal¬ 
ysis  uncertainty,  enabling  commanders  to  understand  environmental  risks 
factors  when  creating  command  decisions.  This  document  is  supported  by 
numerous  Army  and  Air  Force  (AF)  requirements  and  planning  docu¬ 
ments: 

•  Air  Force  Doctrine  Document  2-9.1,  3  May  2006. 

•  Army  Doctrine  Publication  ADP  5-0  (FM  5-0),  May  2012. 

•  Army  Doctrine  Publication  ADP  6-0,  May  2012. 

•  Joint  Army  Regulation  15-10  and  Air  Force  Instruction  15-157,  Clima¬ 
tological,  Hydrological,  and  Topographic  Services,  Weather  Support 
for  the  US  Army. 

•  Air  Force  Mission  Directive  52, 16  March  2010. 

•  AFW  Characterize  the  Environment  Enabling  Concept,  Version  3.0, 
April  2006. 
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•  Air  Force  Enabling  Concept  for  Weather  Support  to  Army  Modular 
Forces,  16  September  2005. 

•  Air  Force  Weather  Requirements  Oversight  Council  Priorities  (4,  5, 

13, 14,  23,  25)  18  August  2004. 

•  AFWA  Strategic  Plan  (Goals  5,  6),  12  April  2006. 

The  infrastructure  supporting  the  AFWA  modeling  enterprise  software  is 
highly  complex.  It  has  a  number  of  advanced  capabilities  that  can  be  ex¬ 
ploited  with  new  product  offerings.  These  new  products  can  increase  im- 
pacts-based  weather  knowledge  services  to  the  vast  user  base,  directly  or 
indirectly,  through  decision  support  systems  (e.g.,  mobility  applications). 
Further  advances  in  technology  in  the  Intelligence,  Surveillance,  and  Re¬ 
connaissance  (ISR)  community  will  ultimately  require  higher  resolution 
and  increasingly  accurate  terrestrial-environmental  analyses. 

3.1  Current  architecture  description 

Initial  LIS  capabilities  (prior  to  AFWA  investment)  were  significantly  dif¬ 
ferent  from  the  current  configuration  options  available  in  the  LIS  architec¬ 
ture  in  FY12  (Fig.  1).  AFWA  investment  in  LIS  has  also  enabled  a  broad 
technology  sharing  opportunity  among  the  NASA,  AFWA,  Army,  NOAA, 
university,  and  corporate  research  sectors.  The  LIS  software  has  become 
the  “go  to”  framework  for  land  data  assimilation. 


LIS  Core 


Time 

Management 

Tools 

Logging  and 
Diagnostic 
Tools 

High 

Performance 

Computing 

Configuration 
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Figure  1.  LIS  framework. 


The  AFWA-LIS  is  more  than  a  simple  software  package.  It  is  a  grouping  of 
software  systems  all  working  together  to  provide  the  most  accurate,  rele- 
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vant  land  surface  characterization  available.  The  additional  software  sys¬ 
tems  informing  the  AFWA-LIS  modeling  package  include  GEOPRECIP, 
CMORPH,  and  SNODEP.  While  each  system  and  analysis  (SNODEP, 
GEOPRECIP,  CMORPH)  is  capable  of  providing  independent  output,  the 
LIS  system  uses  the  products  and  blends  them  with  additional  observa¬ 
tions  through  assimilation  techniques,  or  through  other  data  blending 
methods,  to  improve  the  representative  snow  and  precipitation  output. 
Therefore,  it  is  more  beneficial  to  consider  the  SNODEP,  GEOPRECIP, 
and  CMORPH  analysis  systems  as  components  of  the  LIS  modeling  infra¬ 
structure. 

The  AFWA-LIS  system  ingests  and  blends  weather  data  from  a  variety  of 
sources  to  compute  land  surface  products.  The  weather  data  include  pre¬ 
cipitation  observations  from  remotely  sensed  gauge  observations,  snow 
depth  observations,  near  surface  temperature,  humidity,  wind  observa¬ 
tions,  and  cloud  cover.  The  weather  data  are  combined  with  background 
information,  including  soil  type,  land  use,  and  related  characterization. 

One  of  the  more  critical  parameters  needed  for  accurate  soil  moisture 
analyses  is  precipitation,  which  LIS  creates  using  information  from  several 
sources.  The  gauge  observations,  CMORPH  blended  multi-sensor  precipi¬ 
tation  estimates,  and  GEOPRECIP  geostationary  infrared  precipitation 
analysis  outputs  are  blended  together  internally  in  LIS  using  a  Barnes 
weighting  scheme  and  temperature  threshold  appropriate  to  respective 
data  sources.  Trends  show  passive  microwave  retrieval  excelling  for  warm¬ 
er  terrestrial  backgrounds  and  hydrometeor  types  (i.e.,  the  blending  of  the 
datasets  enables  LIS  to  create  the  most  accurate  precipitation  analysis 
possible  using  the  strengths  of  each  precipitation  analysis  method  to  help 
overcome  weaknesses  in  the  others.)  Gauges  are  the  best  methods  for  ana¬ 
lyzing  precipitation;  but  the  austere  nature  of  military  operating  locations 
requires  reliance  on  remotely  sensed  measurements  and  retrievals. 

The  LIS  EnKF  was  added  in  2006  to  enable  real-time  assimilation  of  re¬ 
motely  sensed  soil  moisture  observations.  However,  the  EnKF  system  was 
implemented  more  generically,  allowing  it  to  assimilate  other  types  of  ob¬ 
servations  (i.e.,  snow,  vegetation,  surface  temperature).  This  design  fea¬ 
ture  has  significant  potential  benefit  to  AFWA,  including  the  opportunity 
to  use  AFWA  global  cloud  analysis  system-produced  land  surface  field 
products  (largely  used  as  intermediate  products  within  the  cloud  analysis 
system  and  include  global  IR  skin  temperatures  and  snow  cover  products) 
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as  assimilated  products  in  LIS.  The  resulting  improvements  in  LIS  output 
would  feed  back  through  the  gridded  global  skin  temperature  forecast 
produced  with  a  combination  of  LIS  analyses  and  GFS-forced  LIS  forecasts 
as  a  first  guess  field  for  the  global  cloud  analysis.  NASA  is  working  to  use 
the  EnKF  system  with  retrieved  snow  characteristics  from  microwave  and 
visible  radiometer  sensors  to  improve  the  snow  products  that  LIS  gener¬ 
ates  with  the  help  of  the  SNODEP  model.  The  EnKF  system  will  also  be 
exploited  in  blending  precipitation  observations  and  analyses. 

An  interface  between  LIS  and  the  CRTM  was  created  to  enable  two-way 
interaction  between  the  two  modeling  systems.  LIS  can  support  satellite 
radiance  assimilation  by  CRTM,  and  CRTM  can  be  used  to  enable  radiance 
assimilation  in  LIS. 

The  Land  surface  Verification  Toolkit  (LVT)  (Kumar  et  al.  2012)  was  de¬ 
veloped  to  enable  extensive  verification  and  validation  of  LIS  products 
while  facilitating  data  assimilation  and  ensemble  modeling  development 
efforts.  The  LVT  system  uses  observation  types  from  a  variety  of  platforms 
(satellites,  gauges,  multi-sensor  analysis  products)  to  verify  LIS  output  and 
to  compute  skill  metrics  as  well  as  statistics  useful  for  improving  data  as¬ 
similation  and  ensemble-based  approaches  such  as  uncertainty  estimation 
(Fig.  2). 


Figure  2.  Land  surface  Verification  Toolkit  (LVT). 
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3.2  End-state  goals 

Both  near-  and  long-term  development  goals  are  necessary  for  an  end- 
state  modeling  system  capable  of  delivering  advanced  terrestrial  numerical 
weather  predictions.  The  system  needs  to  deliver  advanced,  tailored  prod¬ 
ucts  capable  of  broadening  weather  support  to  DoD  and  IC.  Near-term 
goals  include  both  infrastructure  and  product  integration  and  develop¬ 
ment,  while  long-term  goals  are  focused  on  fielding  new  output  variables 
and  product  capabilities. 

The  first  LIS  development  plan  focused  on  improving  precipitation  anal¬ 
yses,  integrating  the  ensemble  Kalman  Filter,  and  creating  a  link  between 
LIS  and  the  CRTM.  This  enabled  LIS  to  assimilate  satellite-based  land  sur¬ 
face  properties  (soil  moisture,  soil  temperature);  to  support  satellite  radi¬ 
ance  assimilation,  both  in  LIS  and  in  atmospheric  forecasts  models 
through  the  linkages  available  between  LIS  and  CRTM;  and  to  create  a  ful¬ 
ly-coupled  land-atmosphere  earth  analysis  and  prediction  system  through 
a  coupled  LIS-WRF  system.  The  first  LDP  was  developed  during  the  peri¬ 
od  in  which  AFWA  was  preparing  for  the  since-cancelled  National  Polar- 
orbiting  Operational  Environmental  Satellite  System  (NPOESS)  program 
series  of  satellites.  While  the  advances  in  LIS  infrastructure  delivered  a 
highly  robust  modeling  architecture  with  a  number  of  capabilities,  the 
“operators”  necessary  to  take  advantage  of  the  LIS  capabilities  had  not 
been  fully  developed.  The  focus  for  the  next  phase  of  LIS  development  will 
transition  to  expand  the  types  of  products  LIS  is  capable  of  supporting 
while  concurrently  maturing  the  infrastructure.  This  will  allow  an  increase 
in  the  types  and  amount  of  remotely-sensed  data  used  in  research  and  in 
operational  organizations  to  create  land  surface  analysis  and  forecast 
products.  This  focus  will  continue  to  solidity  the  ability  for  the  LIS  soft¬ 
ware  to  deliver  the  most  accurate  soil  moisture  analyses  and  forecasts  pos¬ 
sible  while  also  delivering  new  products  that  will  expand  support  opportu¬ 
nities  into  areas  currently  underserved  by  the  DoD  weather  communities. 

Currently,  LIS  creates  land  surface  products  (soil  moisture,  soil  tempera¬ 
ture,  heat  flux,  and  canopy  vegetation  health)  that  are  largely  “intermedi¬ 
ate,”  meaning  the  products  are  used  as  input  parameters  to  cloud  detec¬ 
tion  algorithms,  mobility  models,  target  decision  algorithms,  or  modeling 
and  decision  support  algorithms  to  create  derivative  products.  As  a  result, 
LIS’s  importance  to  warfighter  support  can  be  undervalued.  One  should 
note  that  soil  moisture  and  snow  depth  are  products  fundamental  to  a 
broad  range  of  military  and  national  security  organizations.  Therefore,  the 
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focus  of  the  next  several  years  in  LIS-related  research  and  development  is 
aimed  at  delivering  new  or  improved  Army,  Air  Force,  and  Intelligence 
“weather”  products  capable  of  delivering  accurate  environmental  intelli¬ 
gence  for  battlefield  surveillance,  awareness,  and  planning  across  the  full 
spectrum  of  traditional  and  non-traditional  military  activities.  This  focus 
shift  will  increase  weather  support  for  a  broad  range  of  military  activities, 
with  a  special  focus  on  humanitarian  response,  special  operations  forces, 
and  Army  stability  operations  missions. 


The  NASA  team  has  created  an  illustration  (Fig.  3)  that  describes  the  fu¬ 
ture  LIS  framework,  breaking  out  each  processing  component  into  modu¬ 
lar,  configurable  components  that  can  be  enabled  or  disabled  based  on  the 
needs  of  the  user  or  the  product.  The  LIS-RTM  component  contains  the 
radiative  transfer  models  that  will  enable  future  satellite  radiance  assimi¬ 
lation  and  will  better  characterize  radiative  fluxes.  The  LIS-OPT,  LIS-UE, 
and  LIS-DA  modules  make  up  the  data  assimilation  and  observation 
“handling”  components.  The  plethora  of  integrated  land  surface  models 
are  contained  and  described  within  the  LIS-LSM.  The  LIS  application  sub¬ 
system  (LIS-APP)  contains  linkages  to  end-use  application  models  (such 
as  landslide  forecasting  and  mobility  assessment  models).  LVT,  in  addition 
to  performing  systematic  model  verification  and  evaluation,  will  also  gen¬ 
erate  a  variety  of  products  that  are  either  directly  used  for  decision  support 
or  are  integrated  into  other  decision  support  algorithms.  For  example,  the 
land  surface  model  outputs  from  LIS  are  processed  by  LVT  and  generate  a 
suite  of  standardized  drought  indices,  such  as  the  standardized  precipita¬ 
tion  index  (SPI),  standardized  runoff  index  (SRI),  standardized  soil  water 
index  (SSWI),  percentiles  and  anomalies  relative  to  climatology,  etc. 

The  development  of  the  LIS-RTM,  LIS-DA,  and  LIS-APP  modules  and  LVT 
will  be  the  primary  focus  during  the  next  five  to  seven  years.  Many  of  the 
components  developed  during  the  first  5  years  will  continue  to  receive  at- 
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tention  at  reduced  levels.  This  includes  improving  precipitation  analysis, 
integrating  new,  finer  scale  land  surface  models;  improving  the  accuracy  of 
meteorological  observations;  and  incorporating  new  physics  that  account 
for  surface  water  storage  (lakes,  wetlands,  gaciated  regions)  and  urban  en¬ 
vironments.  This  support  stems  from  the  need  to  incorporate  new  product 
capabilities,  to  develop  physical  “observation  operators”  for  satellite  radi¬ 
ance  assimilation,  and  to  improve  the  physical  outputs  used  in  derivative 
products.  However,  to  effectively  bridge  the  gap  between  weather  and 
military  utility,  the  primary  goals  need  to  focus  on  expanding  development 
of  terrestrial  and  terrain-affected  military  products  that  support  military 
planning  and  scenario  systems. 

3.3  LIS  use  cases 

The  most  visible  use  cases  for  LIS  output  are  support  to  military  mobility, 
to  austere  entry,  and  to  remote  airfield  construction.  Mobility  includes 
both  mounted  (vehicle-based)  and  dismounted  (on-foot)  maneuver  sup¬ 
port.  AFWA’s  historical  support  to  these  three  categories  of  military  opera¬ 
tions  has  been  limited  by  the  availability  of  high  resolution  (at  or  finer 
than  l  km)  soil  moisture  data.  However,  the  LIS  system  enables  AFWA  to 
begin  supporting  such  capabilities.  ERDC  recently  demonstrated  initial 
prototype  opportunities  for  using  AFWA  data  (LIS,  SNODEP  products) 
output  to  initialize  real-time  and  “climatological”  mobility  computations. 
Two  of  the  examples  include  a  study  for  the  USAF  Space  Based  Environ¬ 
mental  Monitoring  Analysis  of  Alternatives  for  the  Weather  Satellite  Fol¬ 
low-on  program  and  a  maneuver  operations  planning  study  for  Marine 
Corp  Intelligence  Activity  concerning  the  Arc-of-Instability  (see  Fig.  5) 
conducted  by  ERDC.  In  2008,  ERDC  obtained  LIS-produced  soil  moisture 
output  for  Afghanistan  at  l-km  scale  and  developed  software  to  feed  this 
information  into  the  USACE  NATO  Reference  Mobility  Model  (NRMM) 
based  Standard  Mobility  (STNDMob)  application  (Fig.  4)  (Baylot  et  al. 
2005).  This  initial  demonstration  project  used  AFWA  (16th  Weather 
Squadron)  LIS  output  to  generate  a  vehicle  speed  map  for  different  mili¬ 
tary  ground  vehicles  for  a  region  in  Afghanistan  at  l-km  scale. 
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Maneuver  Support 


High  resolution  military  vehicle  speed  maps  projections  for  Afghanistan 
(using  LIS  soil  moisture  products) 
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Figure  4.  Results  from  NRMM-based  Standard  Mobility  Application  for  four  different  vehicle 
types  using  LIS  soil  moisture  products  to  compute  the  soil  strength. 


Additionally,  CRREL  used  the  operational  LIS  configuration  in  a  retro¬ 
spective  case  study  to  compute  six-years  worth  of  l-km  LIS  output  for 
eight  large  domains  covering  regions  know  as  the  “Arc  of  Instability”  (Fig. 
5).  The  ERDC  Geotechnical  and  Structures  Laboratory  (GSL)  processed 
the  LIS  output  and  mined  the  data  for  the  wettest  and  driest  periods  in  the 
data  cube.  They  then  computed  vehicle  speeds  for  those  cases,  along  with 
go/no-go  probabilities  for  many  different  classes  of  ground  vehicles,  for  a 
number  of  smaller  regions  within  the  eight  LIS  domains.  This  project  ef¬ 
fectively  demonstrated  the  utility  of  including  LIS  as  another  elemental 
model  within  the  Environmental  Data  Cube  Scenario  Simulator  (EDCSS). 
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Figure  5.  Map  showing  the  Arc  of  Instability  (top)  and  the  regions  included  in  the  ERDC 

mobility  study  (bottom). 


3.3.1  Support  to  hydrologic  and  hydraulic  analysis  and  prediction 

While  the  Army  is  responsible  for  delivering  military  hydrology  and  hy¬ 
draulic  support,  weather  input  is  critical  to  developing  effective  products 
to  support  rapid  and  accurate  decision-making.  At  AFWA,  LIS  is  an  im¬ 
portant  terrestrial  weather  modeling  system  that  will  enable  real-time,  de¬ 
cision-ready  hydrologic  forecasting  for  ground  forces,  supporting  river 
crossings,  river  height  estimates,  flash  flood  predictions,  and  similar 
needs.  Also,  using  LIS  to  initialize  higher  resolution  Army  modeling  prod¬ 
ucts  will  drive  additional  research  into  scaling  caused  by  resolution  differ¬ 
ences  of  LIS  output  and  Army  modeling  capabilities  and  requirements. 

Critical  LIS  products  supporting  hydrology  include  precipitation  analyses; 
snow  cover,  snow  depth,  and  snow  water  analyses;  and  soil  moisture  anal¬ 
yses.  The  accuracy  of  the  precipitation  analysis  is  very  important  for  hy¬ 
drologic  analysis  and  prediction.  A  recent  study  completed  by  Eylander  et 
al.  (2012),  using  LIS  to  initialize  a  USACE  watershed  hydrology  model, 
highlights  the  importance  of  precipitation  analyses  for  predicting  resulting 
hydraulic  flow.  In  the  study,  Eylander  et  al.  added  error  to  the  LIS  precipi- 
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tation  products  at  5%  increments  up  to  ±30%.  When  evaluating  the 
streamflow  output  from  the  USACE  Gridded  Surface  and  Subsurface  Hy¬ 
drologic  Analysis  (GSSHA)  model,  Eylander  et  al.  found  that  the  resulting 
error  in  the  instantaneous  streamflow  rate  nearly  tripled  when  the  LIS 
precipitation  output  underestimated  precipitation.  Errors  in  the  long  term 
“accumulated”  or  seasonal  flow  values  were  half  the  error  values  measured 
in  the  precipitation  analysis  (Fig.  6  and  7).  These  results  highlight  the  crit¬ 
icality  of  accurately  analyzing  precipitation. 


Daily  Basin  Flow  Differences  from  Baseline 
1/1/2010  -  5/30/2010 


o 

i 

< 

c 

o 

•-P 


20%  reduction 
-  ls%  reducticn 
10%  reduction 
"5>j  'eduction 
“5%  ncrea&e 
-1U%  increase 
“15%  increase 
“2U%  increase 
-25%  increase 
“dU%  increase 
P'ecip  Amount 


Figure  6.  Daily  percentile  differences  in  the  water  basin  flow  rates  for  an  Afghanistan 
watershed  based  on  the  precipitation  analysis  error  increments.  Solid  lines  included  positive 
errors  (precipitation  added  to  the  LIS  analysis  in  5%  increments)  while  dashed  lines  are  for 
negative  error  increments.  The  black  dotted  line  represents  the  daily  precipitation  amount  in 

inches. 


Basin  Accumulated  Daily  Flows 
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Accumulated  Flow  Differences  from  Baseline  Case 
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Figure  7.  Accumulated  daily  flow  rate  (left)  and  percentage  differences  (right)  in  the  water 
basin  flow  rates  for  an  Afghanistan  watershed  based  on  the  precipitation  analysis  error 
increments.  Solid  lines  included  positive  errors  (precipitation  added  to  the  LIS  analysis  in  5% 
increments)  while  dashed  lines  are  for  negative  error  increments.  The  black  dotted  line 
represents  the  daily  precipitation  amount  in  inches. 
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3.3.2  Precipitation  analyses 

Precipitation  is  one  of  the  most  critical  and  widely  used  products  in  the 
LIS  system.  The  US  Department  of  Agriculture  uses  the  precipitation  anal¬ 
ysis  to  support  economic  policy  decisions,  intelligence  agencies  use  it  to 
analyze  environmental  interactions  with  global  security  operations,  and 
Army  groups  use  this  analysis  to  predict  hydrology  and  mobility.  The  in¬ 
ternal  precipitation  analysis,  generated  by  combining  multiple  observation 
sources,  is  also  critical  to  accurately  assessing  soil  moisture  and  snow 
depth.  Because  it  is  critical  to  both  internal  LIS  computations  and  external 
use,  computing  a  highly  accurate  precipitation  analysis  has  long  been  a  fo¬ 
cus  for  LIS  development. 

3.3.3  Numerical  weather  prediction  (NWP)  model  initialization 

Output  from  LIS  initializes  NWP  system  land  surface  variables.  AFWA  op¬ 
erates  LIS  to  support  the  Weather  Research  and  Forecasting  (WRF)  NWP 
model  lower  boundary  condition  initialization,  while  the  National  Weather 
Service  (NWS)  National  Center  for  Environmental  Prediction  (NCEP)  is 
using  LIS  to  initialize  the  land  variables  in  their  NWP  systems,  including 
the  Global  Forecast  System  (GFS)  and,  in  the  near  future,  the  North  Amer¬ 
ican  Mesoscale  (NAM)  model.  The  NWP  systems  depend  on  internal  land 
surface  models  to  calculate  the  surface  energy  budget,  snow  depth,  and 
other  factors  important  thermodynamically  to  numerical  weather  predic¬ 
tion.  The  LIS  provides  the  initial  land  surface  products  (soil  moisture,  soil 
temperature,  and  snow  depth)  used  to  initialize  the  same  parameters  in 
the  NWP  models. 

Accurate  assessments  of  soil  moisture,  skin  temperature,  and  vegetation 
conditions  will  become  increasingly  important  with  the  increased  reliance 
on  satellite  remote  sensing  of  the  atmosphere,  especially  over  land  areas. 
Current  atmospheric  remote  sensing  capabilities  are  limited  over  land  are¬ 
as  due  to  difficulties  in  separating  surface  emissivities  in  both  the  infrared 
and  microwave  portions  of  the  spectrum.  The  ability  to  analyze  and  to 
predict  the  surface  background  microwave  emissivities  is  important  to  en¬ 
able  an  increased  number  of  over-land  satellite  observations  usable  in  a 
NWP  data  assimilation  system.  This  focus  area  will  become  an  area  of  sig¬ 
nificant  focus  for  atmospheric  data  assimilation  over  the  next  to  years. 
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3.3.4  Imagery  analysis  and  scene  simulation  modeling  for  planning,  war 
gaming,  and  intelligence  gathering 

Generating  an  accurate  assessment  of  battlefield  conditions  for  pre¬ 
mission  planning,  on-the-fly  decision-making,  and  generating  war  gaming 
scenarios  is  an  area  of  active  research  within  the  US  Army.  CRREL  is  using 
soil  moisture  and  surface  temperature  products  to  initialize  scene  simula¬ 
tion  models  that  will  support  ground  forces  with  optimal  sensor  place¬ 
ment.  Forces  can  place  these  sensors  within  a  combat  outpost,  on  ground 
vehicles,  or  on  individual  soldiers  to  support  the  detection  and  identifica¬ 
tion  of  non-friendly  forces  during  an  engagement.  This  will  also  increase 
friendly  forces’  ability  to  effectively  remain  undetectable  and  unidentifia¬ 
ble.  The  critical  parameters  supporting  imagery  analysis  and  scene  simula¬ 
tion  include  soil  moisture,  surface  temperatures,  surface  winds,  surface 
topography  information,  soil  strength,  and  vegetation  characterization. 
Accurate  understanding  of  surface  features  is  also  important  for  intelli¬ 
gence  gathering  activities. 

In  addition  to  the  scene  simulation  models,  several  groups  are  working 
collaboratively  to  develop  a  joint  atmospheric  and  terrestrial  “weather 
cube”  in  the  Environmental  Data  Cube  Support  System  (EDCSS).  Expand¬ 
ing  the  EDCSS  capability  to  include  advanced  surface  characterization 
supports  a  variety  of  Army  and  Intelligence  Community  needs,  including 
synthetic  scene  generation  and  military  scenarios  simulation  within  DoD 
modeling  and  simulation  programs.  The  DoD  Modeling  and  Simulation 
Coordination  Office  supports  the  EDCSS  system. 

3.3.5  Target  acquisition  and  identification 

Accurate  remote  identification  of  potential  targets  and  sensor  acquisition 
for  target  lock-on  requires  a  detailed  understanding  of  the  target  and  sur¬ 
rounding  environment.  For  targets  located  on  the  ground,  this  includes 
knowledge  of  the  surrounding  scene  to  detect  camouflaged  targets.  As  the 
atmosphere  warms  and  cools,  targets  will  generally  respond,  depending  on 
their  physical  characteristics.  During  portions  of  the  day,  the  target 
achieves  a  temperature  equal  to  that  of  the  background,  termed  the  cross¬ 
over  temperature.  Mission  planners  use  this  information  to  determine  the 
best  times  to  acquire  targets. 
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4  Near  Term  Goals 

Each  year  of  the  development  plan  includes  three  segments  representing 
goals  for  NASA,  AFWA,  and  ERDC-CRREL.  The  goals  do  not  consider  the 
funding  necessary  to  accomplish  specific  tasks;  rather,  they  identify  goal 
ownership  and  responsibility  for  developing  a  specific  task  breakdown 
necessary  to  achieve  the  long-term  goals  stated  in  the  plan.  The  availability 
of  funds  on  a  year-to-year  basis  and  the  ability  to  cost  share  between  or¬ 
ganizations  will  dictate  the  accomplishment.  ERDC-lead  efforts  may  in¬ 
volve  collaboration  with  Army  Research  Lab;  other  ERDC  laboratories 
(e.g.  GSL,  CHL);  NASA  Goddard;  or  other  government,  corporate,  or  uni¬ 
versity-based  research  centers. 

4.1  FY13  development 

4.1.1  CRREL  lead  research  and  development 

4. 1.1.1  Army  Fast  All  Season  Soil  Strength  (FASST)  model  baseline 
integration  and  benchmarking  within  LIS 

The  US  Army  FASST  model  (Frankenstein  and  Keonig  2004)  is  a  complex 
land  surface  model  developed  by  the  Army  to  predict  soil  strength  for  mili¬ 
tary  maneuver  support.  The  model  is  used  as  a  component  of  several  Army 
decision  support  systems  currently  in  the  development  phase,  such  as  the 
Battlefield  Terrain  Reasoning  and  Awareness  (BTRA)  system  and  now  the 
Geospatially-Enabled  Multi-modal  Situational  Awareness  toolset  in  devel¬ 
opment  within  ERDC.  While  the  FASST  model  has  been  a  component  of 
Army  geospatial  applications,  there  lacks  a  consistent  plan  for  integrating 
“weather.”  Recently,  the  discussion  has  moved  toward  integrating  FASST 
as  a  component  of  the  weather  “production”  process  as  the  driver  (initiali¬ 
zation)  for  higher  resolution  versions  of  the  model  run  in  geospatial  appli¬ 
cations  or  as  the  method  for  providing  soil  moisture  and  soil  strength  di¬ 
rectly  to  Army  programs  requiring  such  information. 

In  2011,  the  NASA  LIS  team  used  Army  funds  to  successfully  integrate  the 
FASST  LSM  into  the  LIS  baseline.  However,  the  existing  version  of  FASST 
is  capable  of  operating  only  on  very  high  resolution,  very  limited  domain 
size  areas  using  ERDC  analyst-generated  background  information  (terrain 
categorization).  These  data  can  be  difficult  to  obtain.  In  FY13,  CRREL  and 
NASA  will  collaborate  to  modify  FASST  to  operate  from  remotely  sensed, 
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gridded,  worldwide  terrain  categorizations  used  by  the  other  LSM’s  cur¬ 
rently  in  LIS,  as  well  as  perform  a  benchmark  test  on  the  FASST  output. 
The  results  of  this  work  will  be  a  version  of  FASST,  in  LIS,  that  will  be  able 
to  operate  on  both  “weather”  and  “Army”  scales  using  a  more  universal  in¬ 
put  data  set. 

4. 1.1.2  Integration  ofNGA  provided  higher  resolution  soils  information  into 
LIS 

The  National  Geospatial-Intelligence  Agency  (NGA)  recently  supplied 
CRREL  staff  with  a  new,  higher  resolution  (and  potentially  more  accurate) 
global  map  of  world  soils  information  used  as  a  basis  for  the  physical  com¬ 
putations  of  soil  strength  and  soil -water  interactions.  The  delivered  data 
are  available  at  a  l-km  global  resolution— a  substantial  improvement  over 
the  currently  used  United  Nations  Food  and  Agriculture  Organization 
(FAO)  global  5-km  datasets  typically  used  in  global  land  data  assimilation 
systems  (and  in  the  current  version  of  LIS).  Additionally,  NGA  has  prom¬ 
ised  a  regional,  100-m  resolution  dataset  that  would  enable  higher  resolu¬ 
tion,  large  domain,  grid-based  soil  moisture  and  soil  strength  modeling 
from  LIS.  CRREL  will  be  collaborating  with  NASA  to  integrate  the  new  da¬ 
tasets  into  the  LIS  software  baseline. 

4. 1.1.3  Research  the  capability  of  US  to  support  water  security  related  topics 

The  Februm'y  2010  Quadrennial  Defense  Review  included  new  language 
for  topics  related  to  “stability  operations”  and  “building  partner  capacity.” 
The  goals  are  to  identify,  prevent,  and  deter  conflict.  The  IC  has  expressed 
significant  interest  in  monitoring  international  hydrology  as  a  predictor  of 
conflict.  CRREL  and  NASA  are  collaborating  to  develop  a  global  drought 
prediction  tool  supporting  intelligence  organizations.  The  LIS-based  tool 
will  use  a  climate  forecast  model  to  predict  seasonal  climate  anomalies. 
The  goal  is  to  create  a  regional  and  global  forecast  of  where  water  and  food 
security  may  be  at  risk,  to  prepare  DoD  for  potential  humanitarian  assis¬ 
tance  missions,  or  to  provide  regional  force  protection  where  US  troops 
may  be  threatened  by  drought  or  flooding.  While  seasonal  predictions  are 
not  a  current  product  AFWA  supports,  a  seasonal  prediction  system  at 
AFWA  supporting  IC  and  DoD  humanitarian  response  planning  require¬ 
ments  is  important  to  consider  with  support  from  the  16th  or  14th  Weather 
Squadrons. 
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CRREL  and  NASA  are  collaborating  to  investigate  this  new  seasonal  pre¬ 
diction  option  using  LIS  combined  a  seasonal  prediction  forecast  model. 
This  NGA-funded  investigation  also  researches  linkages  between  drought 
and  regional  security. 

4. 1.1.4  Increased  support  toward  Army  capabilities  (maneuver  support  and 
military  hydrology) 

Army  and  Marine  organizations  have  expressed  interest  in  gaining  an  abil¬ 
ity  to  support  real-time  automated  route  planning,  gap  crossing,  and  water 
routing  products  for  force  protection  and  base  defense.  For  instance, 
CRREL  is  interested  in  building  linkages  between  basic  LIS  outputs  (soil 
moisture,  precipitation,  etc.)  and  Army  models  to  explore  the  development 
of  machine-to-machine  decision  support  systems  for  mobility  analyses, 
remote  opportune  airfield  detection,  hydrologic  analyses  supporting  mili¬ 
tary  planning,  and  other  needs.  Additionally,  CRREL  is  interested  in  using 
WRF  model  output  to  explore  the  potential  for  predictive-based  capabili¬ 
ties.  This  is  a  greatly  underserved  area  in  the  austere  environments  in 
which  DoD  typically  operates.  The  ERDC  Coastal  and  Hydraulic  Laborato¬ 
ry  (CHL)  currently  uses  complex  hydrologic  and  hydraulic  models  to  pre¬ 
dict  streamflow;  however,  the  modeling  system  is  not  rapidly  relocatable 
because,  to  provide  accurate  estimates,  CHL  staff  need  to  calibrate  and 
tune  each  individual  water  basin  separately  against  ground  observations. 
Additionally,  the  products  supplied  by  CHL  are  more  tuned  toward  anal¬ 
yses  than  predictions.  CRREL  and  CHL  are  interested  in  working  together, 
using  LIS  and  WRF  model  baselines.  The  goal  of  a  joint  agency  research 
and  development  program  would  be  to  develop  a  scalable  solution  that 
would  allow  for  rapid  reactions  to  flash  flooding  while  also  providing  accu¬ 
rate  risk-based  assessments  of  flooding  and  flash  flooding  in  data-poor  or 
data-denied  regions. 

4. 1.1.5  Development  of  downscaling  technologies  to  bridge  physical  gaps 
between  “weather”  scale  and  “army”  scale 

There  continues  to  be  a  significant  divide  between  “weather”  resolution 
and  “Army”  scale.  Traditional  Numerical  Weather  Prediction  (NWP)  out¬ 
put  available  from  AFWA,  at  horizontal  scales  greater  than  l  km,  is  consid¬ 
erably  coarser  than  what  the  Army  considers  relevant  for  use  in  opera¬ 
tions.  Because  of  the  scale  differences,  it  has  been  relatively  difficult  to 
apply  AFWA  data  to  high-resolution  Army  decision  support  systems  until 
recently.  Over  the  past  several  years,  WRF  and  LIS  have  been  outputting 
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predicted  weather  products  with  increasingly  higher  resolution.  AFWA 
and  ERDC  groups  have  been  able  to  successfully  demonstrate  prototype 
products  that  can  be  used  to  support  mobility  and  hydrologic  analyses. 
Additional  work  needs  to  be  done  to  improve  downscaling  capabilities 
within  LIS  and  to  develop  new  technology  that  can  effectively  bridge  the 
gap  between  weather  scale  and  Army  scale.  CRREL  is  supporting  research 
in  this  area  using  the  DoD  Small  Business  for  Innovative  Research  (SBIR) 
topics  in  the  FY12.2  topic  announcement.  CRREL  successfully  staffed  a 
“downscaling”  topic  in  2012,  which  became  part  of  the  12.2  announce¬ 
ments,  with  a  goal  of  developing  a  method  to  downscale  LIS  soil  moisture 
output  to  higher  resolutions  more  applicable  to  Army  scale  needs.  CRREL 
is  managing  the  SIBR  project  with  a  goal  of  completion  in  FY15. 

Continued  development  of  downscaling  methodologies,  advancement  of 
the  FASST  LSM  within  LIS,  and  development  of  ensemble  capabilities  will 
greatly  enhance  the  military’s  ability  to  support  real-time  tools  for  analysis 
and  prediction  of  mobility,  maneuverability,  and  austere  entry. 

4.1.2  AFWA  sponsored  research  and  development  at  NASA 

4. 1.2.1  Snow  assimilation  capability 

The  accurate  and  precise  analysis  of  snow  and  snow  water  content  for  DoD 
operations  is  a  weak  point  in  AFWA  operations,  leaving  operational  cus¬ 
tomers  to  scavenge  for  a  fractured  support  from  defense  laboratories  and 
other  national  agencies.  Additionally,  the  types  of  products  available  are 
not  directly  suitable  for  supporting  DoD  missions  of  maneuver  support, 
intelligence  gathering,  route  security,  and  other  similar  requirements.  The 
ability  to  generate  a  high  resolution,  accurate  portrayal  of  snow  and  snow 
water  storage  is  very  difficult  because  of  the  lack  of  in  situ  observation  and 
the  difficulty  in  measuring  snow  from  space.  AFWA  and  other  organiza¬ 
tions  have  used  two  of  the  best  methods  for  measuring  snow  from  space, 
capturing  snow  cover  extent  from  visible  radiometers  and  snow  water  con¬ 
tent  from  microwave  radiometers,  to  create  maps  of  snow  depth  and  snow 
cover;  however,  the  resolution  of  the  snow  depth  and  snow  water  content 
at  25  km  or  more,  is  much  too  coarse  to  directly  support  ground  opera¬ 
tions.  Previously,  AFWA  supported  NASA  development  of  a  satellite  data 
blending  technique  with  the  AFWA-NASA  Snow  Algorithm  (ANSA)  (Fos¬ 
ter  et  al.  2011)  that  combined  NASA  MODIS  snow  cover  maps  with  AMSR- 
E  snow  water  content  maps  to  create  a  5-km  horizontal  resolution  map  of 
snow  coverage  and  depth.  However,  AFWA’s  difficulties  in  obtaining  and 
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processing  MODIS  data  combined  with  the  recent  demise  of  the  AMSR-E 
sensor  resulted  in  difficulties  in  implementing  the  new  algorithm  in  the 
snow  depth  analysis  software.  A  better  strategy  may  be  to  take  advantage 
of  initial  investigations  completed  by  NASA  to  assimilate  snow  infor¬ 
mation  into  LIS  to  create  high  resolution  maps  of  snow  cover,  snow  water 
content,  snow  depth,  and  resulting  hydrological  products  (to  include  post¬ 
products  developed  by  ERDC).  To  accomplish  this  work,  NASA  needs  to 
consider  adding  advanced  snow  physics  algorithms  and  satellite-based  da¬ 
ta  assimilation  advances  to  LIS  that  take  advantage  of  both  model  and  re¬ 
mote  sensing  techniques  while  incorporating  model  and  observation  un¬ 
certainties. 

4. 1.2.2  Ensemble  modeling  development 

A  primary  goal  for  near-term  infrastructure  advancement  is  to  continue 
developing  ensemble  modeling.  An  ensemble  modeling  capability  is  criti¬ 
cal  to  future  ground  operations,  primarily  because  of  the  large  number  of 
unknowns  and  parameterized  variables  necessary  for  terrestrial  modeling. 
The  surface  energy  balance  values,  along  with  soil  moisture  and  tempera¬ 
ture  values,  are  computed  using  primarily  weather  as  a  “forcing”  value, 
driving  land  surface  physical  models.  The  land  surface  models,  which  are 
components  of  both  LIS  and  WRF,  contain  many  arrays  of  parameter  val¬ 
ues,  such  as  soil  and  vegetation  types,  surface  albedo,  and  emissivity.  In 
FY12,  NASA  began  developing  a  parameter  perturbation  capability,  ena¬ 
bling  the  computation  of  an  ensemble  spread  for  some  output  variables. 
This  initial  development  focused  on  uncertainty  characterization  for  soil 
moisture  and  soil  temperature  variables,  primarily  to  support  point-based 
analyses  of  atmospheric  and  surface  profiles.  Expanding  on  ensemble 
modeling  and  uncertainty  characterization  is  still  necessary  to  generate 
risk-based  products  to  supply  data  for  high  resolution  military  capabilities, 
including  maneuver  support,  austere  entry,  and  soil  strength.  Even  with 
the  increasingly  sophisticated  capabilities  in  LIS,  the  AFWA-LIS  products 
will  generally  be  available  at  weather  scales  (resolutions  of  l  km  or  coars¬ 
er),  yet  military  operations  generally  take  place  at  field  scale  (or  finer)  and 
require  higher  resolution  output.  Accounting  for  the  potential  variability  in 
background  surface  types  within  the  coarser  resolution,  LIS  output  is  nec¬ 
essary  to  initialize  higher  resolution  user  applications  that  will  be  running 
at  field  scale  or  finer.  Additional  risk-based  ensemble  products  should  be 
developed  during  this  period,  such  as  risk-based  soil  strength  forecasts, 
using  the  FASST  model  in  LIS. 
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4. 1.2.3  Noah-MP  integration  and  testing 

NCAR  is  testing  a  new  version  of  the  Community  Noah  LSM,  named  No¬ 
ah-MP  (multiphysics).  The  new  version  of  the  model  is  considerably  dif¬ 
ferent  in  both  architecture  and  capabilities.  NASA  has  obtained  the  new 
model  and  incorporated  it  into  the  LIS  framework;  however,  extended 
testing  is  necessary  to  fully  evaluate  all  the  options  available  and  the  ef¬ 
fects  on  and  tradeoffs  with  respect  to  LIS  output.  This  extended  bench¬ 
marking  period  should  be  a  joint  effort  with  NCAR  and  NOAA’s  National 
Center  for  Environmental  Prediction  land  modeling  team.  AFWA,  NASA, 
NCAR,  and  NCEP  are  major  partners  on  the  Noah  working  group. 

4.1.3  AFWA  integration  and  testing 

It  is  necessary  to  fully  test  and  integrate  the  many  additional,  unused  ca¬ 
pabilities  of  the  current  version  of  LIS  in  the  AFWA  software  repository 
and  production  system  to  fully  realize  LIS  goals.  Two  of  the  more  signifi¬ 
cant  unrealized  LIS  improvements  are  the  data  assimilation  and  coupled 
LIS-WRF  capabilities.  Additionally,  AFWA  has  yet  to  explore  multi-model 
options  available  within  the  LIS  software  from  an  ensemble  perspective. 
The  following  projects  are  a  prioritized  listing  of  integration  efforts  to  im¬ 
plement  capabilities  developed  under  the  previous  LIS  Development  Plan. 

4. 1.3.1  Evaluate  multi-model-based  products  ( catchment ,  Noah-MP,  FASST) 

The  operational  AFWA  LDAS  has  used  the  Noah  LSM  since  the  early  days 
of  land  surface  modeling  within  the  agency.  While  the  Noah  LSM  is  con¬ 
sidered  a  “benchmark”  LSM  within  the  hydrometeorological  modeling 
community,  there  are  many  additional  LSMs  with  strengths  and  weak¬ 
nesses,  as  compared  to  the  Noah  LSM,  that  should  be  considered  for  op¬ 
tional  use  to  benefit  an  ensemble  capability  or  to  support  additional  prod¬ 
uct  development.  For  instance,  the  NASA  catchment  LSM  offers  support 
for  catchment-based  terrestrial  water  storage  (groundwater),  a  capability 
the  current  Noah  LSM  does  not  support.  The  Army  Fast  All  Season  Soil 
Strength  (FASST)  model  offers  a  capability  to  diagnose  soil  strength  for 
Army  mobility  computations.  The  new  Noah  Multi-Physics  (Noah-MP) 
model  provides  a  significantly  enhanced  vegetation  and  snow  cover  model¬ 
ing  capability  over  heritage  Noah  LSM  physics.  Each  of  these  LSMs,  and 
possibly  others,  offer  advantages  for  running  operationally  at  AFWA  as  ei¬ 
ther  part  of  an  ensemble  or  for  specialized  support  products.  For  AFWA  to 
execute  a  number  of  models,  each  of  the  models  needs  to  be  tested  with 
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the  AFWA-specific  weather  forcings;  and  the  output  needs  to  be  validated 
and  compared  with  others  LSMs.  Additionally,  it  is  necessary  to  consider 
new  methods  of  combining  multi-model  output  together  through  averag¬ 
ing  or  weighting.  While  the  ensemble  balancing  or  weighting  effort  is  more 
than  a  single-year  task,  the  initial  development  of  a  multi-model  capability 
needs  to  begin  with  an  initial  goal  of  establishing  a  much  larger  future  op¬ 
erational  capability  that  can  better  support  military  operational  risk-based 
decision  making. 

4. 1.3.2  LIS-CDFSII  testing  as  a  replacement  for  SFCTMP 

Soon  after  the  Ensemble  Kalman  Filter  (EnKF)  was  incorporated  into  the 
LIS  framework,  Reichle  et  al.  (2010)  successfully  demonstrated  a  capabil¬ 
ity  to  assimilate  surface  skin  temperature  measurements  into  LIS  from  ge¬ 
ostationary  sources.  This  was  a  prototype  demonstration  for  a  similar 
Cloud  Depiction  and  Forecast  System  Version  II  (CDFS-II)  and  LIS  con¬ 
figuration.  This  assimilation  would  allow  LIS  to  support  the  CDFS-II  sys¬ 
tem  with  the  necessary  skin  temperature  forecasts  needed  to  drive  cloud 
detection  and  identification  via  IR  frequency. 

A  goal  from  the  first  LIS  development  plan  was  to  replace  the  AFWA  Sur¬ 
face  Temperature  (SFCTMP)  model  with  a  LIS-based  capability  for  provid¬ 
ing  surface  skin  temperature  forecasts  necessary  for  IR  frequency  cloud 
detection.  Previous  LIS  infrastructure  development,  including  the  ensem¬ 
ble  Kalman  filter,  has  the  capability  to  assimilated  satellite  surface  skin 
temperature  data  and  the  integration  of  a  two-stream,  four-stream,  and 
correlated-k  radiation  algorithm  supporting  higher  resolution  radiation 
computations  from  pixel-level  cloud  optical  properties.  This  supports  a 
close  tie  between  the  CDFS-II  system  and  LIS.  Additionally,  the  SFCTMP 
analysis  possesses  a  significant  stair-step  bias  that  shifts  from  very  low  bi¬ 
as  to  a  very  high  bias  in  a  relatively  short  time  period  (days)  while  the  er¬ 
ror  profile  for  LIS-based  skin  temperatures  appears  more  steady  (skin 
temperature  assimilation  not  included).  The  improved  error  profiles  and 
the  new  capabilities  added  to  LIS  (i.e.,  skin  temperature  assimilation) 
should  improve  cloud  analyses  and  be  considered  for  operations  while  re¬ 
moving  a  legacy,  poorly  understood,  and  somewhat  heuristic  analysis 
(SFCTMP)  from  operations. 
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4. 1.3.3  WindSAT  or  AMSR2-based  SWE  and  soil  moisture  assimilation 

The  recent  loss  of  the  NASA  Advanced  Scanning  Microwave  Radiometer 
for  the  Earth  Observing  System  (AMSR-E)  sensor  was  critical  in  that  it  was 
the  only  microwave  radiometer  data  AFWA  received  that  had  a  io-GHz 
frequency  for  the  measurement  of  deep  snow.  The  WindSAT  sensor  flying 
on  the  Coriolis  satellite  has  a  io-GHz  frequency  for  the  measurement  of 
deeper  snow  and  also  contains  a  6-GHz  frequency  for  the  measurement  of 
near  surface  soil  moisture.  Additionally,  the  Japanese  Space  Agency  is  fly¬ 
ing  a  new  AMSR-E-like  sensor,  AMSR2,  on  the  GCOM-W  satellite;  and  the 
data  will  be  available  sometime  during  2013. 

Kumar  et  al.  (2009)  already  demonstrated  several  prototypes  to  assimilate 
space-based  soil  moisture  observations  in  LIS.  The  demonstration  of  the 
capability  to  assimilate  both  Advanced  Microwave  Scanning  Radiometer 
for  the  Earth  Observing  System  (AMSR-E)  observations  and  WindSAT  soil 
moisture  observations  into  LIS  demonstrated  significantly  improved  soil 
moisture  analyses  over  those  computed  from  only  weather  and  precipita¬ 
tion  forcings.  At  issue  is  not  whether  assimilating  soil  moisture  provides  a 
benefit,  rather  it  is  the  availability  of  space-based  soil  moisture  observa¬ 
tions,  the  ability  to  process  the  data  at  AFWA,  and  the  availability  of  algo¬ 
rithms  to  compute  snow  water  content  and  soil  moisture  on  a  world  wide 
basis.  Space-based  soil  moisture  observations  with  large  fields  of  view 
have  been  limited  to  microwave  imagers  with  6-GHz  frequencies.  With  the 
dissolution  of  the  National  Polar-orbiting  Operational  Environmental  Sat¬ 
ellite  System  (NPOESS)  program,  and  subsequent  defunding  of  the  De¬ 
fense  Weather  Satellite  System,  there  are  no  current  plans  to  fly  a  Micro- 
wave  Imager/Sounder  class  of  instrument  with  a  6-GHz  frequency. 
However,  with  the  recent  failure  of  AMSR-E  and  given  the  age  of 
WindSAT,  it  is  important  to  find  newer  sources  of  space-based  soil  mois¬ 
ture  observations.  The  European  Space  Agency  is  currently  flying  the  Soil 
Moisture  and  Ocean  Salinity  (SMOS)  sensor,  an  L-band  (1.4-GHz)  fre¬ 
quency  polarized  instrument  that  measures,  among  other  parameters,  soil 
moisture  at  a  resolution  of  35  km. 

4. 1.3.4  Real  Time  GVF 

Incorporating  remotely  sensed  vegetation  products  will  lead  to  improved 
surface  analyses  of  skin  temperature  and  energy  budgets.  Work  by  AFWA, 
collaboratively  with  NCAR,  has  shown  that  including  MODIS-based  vege¬ 
tation  “greenness”  improves  the  diagnosis  of  surface  and  ground  heat  flux 
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variables  within  the  LSM,  especially  during  “green-up”  and  anomalous 
climatic  conditions  (drought).  In  one  example,  rapid  green-up  of  vegeta¬ 
tion  in  the  southeast  US— more  rapid  than  climatology  would  predict— 
resulted  in  significant  differences  in  the  LIS  surface  heat  flux  variables. 

4. 1.3. 5  Advanced  Scanning  Microwave  Radiometer  2  (AMSR2)  integration 

The  AMSR.2  sensor,  flying  on  board  the  Japanese  space  agency  GCOM-W 
satellite  launched  in  2012,  is  the  next  sensor  in  the  AMSR-series  of  passive 
microwave  radiometers  resulting  from  the  NASA-JAXA  partnership.  The 
data  from  AMSR2  should  be  ingested  by  AFWA  and  made  available  for  use 
in  the  Snow  Depth  Analysis  (SNODEP)  component  of  the  LIS  infrastruc¬ 
ture.  The  AMSR  series  of  PM  instruments  are  improved  over  the  US  DoD 
series  of  PM  sensors  known  as  the  Special  Sensor  Microwave  Im¬ 
ager/Sounders  (SSMI/S)  because  of  the  inclusion  of  10-GHz  and  6-GHz 
frequencies.  The  10-GHz  frequency  is  beneficial  in  measuring  deeper  snow 
packs,  versus  PM  sensors,  such  as  SSMI/S,  that  use  only  19-GHz  and  37- 
GHz  frequencies;  and  the-6  GHz  frequency  is  suited  for  measuring  soil 
moisture.  Initially,  testing  and  integration  of  AMSR2  data  into  the  snow 
analysis  components  will  provide  immediate  impact.  AFWA  needs  to  ex¬ 
plore  testing  of  soil  moisture  observations  as  well. 

4.2  FY14  developments  multi-model  ensemble  products 

4.2.1  CRREL  lead  research  and  development 

4. 2.1.1  Brownout  prediction 

The  ability  to  accurately  predict  the  potential  for  brownouts  to  disrupt  op¬ 
erations  is  highly  limited.  Accurately  predicting  dust  lofting  is  difficult  be¬ 
cause  of  complexities  involved  in  modeling  the  coupled  land-atmosphere. 
Dust  lofting  potential  products,  which  aim  to  use  probabilities  for  dust 
storm  occurrence,  require  high  resolution  maps  of  dust  source  regions,  soil 
types,  and  vegetation.  This  calls  for  new  model-based  prediction  method¬ 
ologies  to  better  predict  the  soil  lofting  potential  on  both  large  and  small 
scales.  This  is  no  trivial  task  with  the  difficulty  increasing  as  the  scale 
moves  to  finer  resolutions.  CRREL  needs  to  lead  development  of  a  com¬ 
bined  weather  and  terrestrial  modeling  capability  that  would  provide  sup¬ 
port  to  both  large-  and  small-scale  dust  events,  including  support  to  rota¬ 
ry-wing  induced  events. 
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4.2. 1.2  Maneuver  support 

The  ability  to  produce  automated,  high-resolution,  weather-impacted 
analyses  and  predictions  of  vehicle  speeds  for  different  weight  classes  and 
to  generate  weather-impacted  vehicle  route  planning  and  dismounted  mo¬ 
bility  plans  would  be  a  significant  capability  to  support  a  broad  spectrum 
of  military  operations.  The  Army  is  sponsoring  research  aimed  at  creating 
geospatial  applications  to  obtain  weather,  terrain,  and  geospatial  infor¬ 
mation  for  mobility.  The  goal  of  this  research  area  is  to  better  link  AFWA 
provided  weather  information  to  the  ERDC  maneuver  support  research 
areas,  to  increase  AFWA’s  technical  capabilities  and  knowledge  base  to 
support  Army  mobility,  to  and  develop  linkages  between  LIS  and  WRF 
output  with  Army  mobility  applications.  Additionally,  AFWA  and  ERDC 
should  evaluate  possible  integration  of  weather-affected  mobility  applica¬ 
tions  in  the  AF  Weather  Webs  (AFWEBS). 

4.2. 1.3  Military  hydrology 

A  major  concern  for  base  defense,  force  protection,  and  humanitarian  as¬ 
sistance  is  the  lack  of  flood  and  flash  flood  predictions  in  most  of  the  re¬ 
gions  where  DoD  is  involved.  In  the  US,  a  combination  of  agencies  and 
products  provide  hydrometeorological  predictions  that  support  heavy 
rainfall,  flooding,  and  flash  flood  predictions.  However,  no  such  coopera¬ 
tion  or  product  offering  exists  in  theater,  where  the  DoD  often  deploys  sig¬ 
nificant  numbers  of  troops  and  equipment.  Army  units  need  the  ability  to 
provide  a  priori  knowledge  of  force  protection  in  a  variety  of  water  scenar¬ 
ios,  from  river  crossing  to  weather-induced  flash  flooding.  Currently, 
AFWA  provides  predictions  of  precipitation;  and  operational  weather 
squadrons  are  responsible  for  providing  excessive  rainfall  predictions. 
There  is  no  operational  hydrometeorological  prediction  model  that  sup¬ 
ports  flooding  or  flash  flooding.  ERDC  uses  a  variety  of  tools  to  support 
basin  and  watershed-level  hydrology  analyses,  yet  no  theater-level  rapid- 
response  capability  exists.  The  development  of  a  rapid  response  flooding 
forecasting  and  frequency  analysis  capability,  using  the  coupled  LIS-WRF 
system,  is  necessary  outside  the  US  in  regions  where  the  DoD  has  signifi¬ 
cant  interests  or  where  the  IC  is  monitoring. 

4.2. 1.4  LIS-based  snow  products 

The  CRREL  team  is  currently  evaluating  the  LIS-based  snow  products  and 
comparing  them  to  current  data  used  to  create  operational  snow  products. 
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A  future  LIS-based  snow  assimilation  capability  provides  significant  prom¬ 
ise  for  creating  a  more  accurate  and  precise  snow  cover  and  snow  depth 
analysis  supporting  military  hydrology,  mobility,  and  other  derivative  ca¬ 
pabilities.  CRREL’s  operational  snow  products,  based  on  DMSP  Special 
Sensor  Microwave  Imager/Sounder  (SSMI/S)  snow  water  equivalent  data, 
are  used  to  infer  hydrologic  information  based  on  comparison  with  cli¬ 
mate.  To  drive  towards  higher  resolution,  CRREL  should  evaluate  an  as¬ 
similation-based  approach  using  the  high-resolution  terrain  characteriza¬ 
tion  in  LIS  to  effectively  downscale  the  coarse  resolution  satellite 
information.  Evaluating  LIS  as  the  source  of  information  to  create  new 
products  and  beginning  to  transition  to  LIS-based  products  will  enable  fu¬ 
ture  technology  transition  of  CRREL  capabilities  to  AFWA. 

4.2. 1.5  Drought  prediction 

CRREL  and  NASA  will  continue  to  evaluate  and  develop  a  capability  to 
predict  future  drought  conditions  worldwide  to  support  future  Army  pro¬ 
grams  in  stability  operations  and  to  support  IC  interests.  A  fully  mature 
drought  prediction  capability  should  embrace  ensemble-based  capabilities 
and  deliver  products  able  to  support  and  inform  stability  operations  and 
the  intelligence  community,  which  is  significantly  more  complex  than 
simply  producing  a  prediction  of  drought  or  no-drought.  Research  into 
drought  effects  on  socio-cultural  and  socio-economic  security  and  devel¬ 
oping  products  that  can  predict  population  impacts  will  be  a  significant 
focus.  The  ultimate  goal  in  a  national-security  focused  drought  prediction 
capability  is  be  to  develop  products  that  support  remote  monitoring  of  re¬ 
gional  stability  with  the  goal  of  providing  early-warning  situational  aware¬ 
ness  of  destabilizations  that  may  result  in  the  need  for  military  operations 
or  humanitarian  support. 

4.2. 1.6  Coupled  LIS-WRF  testing,  evaluation,  and  prototyping 

NASA  and  NCAR  collaborated  to  develop  a  coupled  version  of  LIS  and 
WRF  in  2008-2009;  however,  the  fully  coupled  LIS-WRF  system  never 
received  significant  support  from  AFWA  owing  to  the  complexities  in¬ 
volved  in  operating  such  a  system.  The  perception  is  that  the  cost-factor  in 
operating  a  coupled  LIS-WRF  system  outweighs  the  benefits.  The  primary 
reason  for  this  perception  is  a  lack  of  sufficient  test  and  evaluation  of  the 
coupled  system.  Additionally,  the  Earth  System  Modeling  Framework 
(ESMF)  that  was  initially  used  as  the  method  to  couple  LIS  and  WRF  cre¬ 
ated  additional  complexities  that  would  not  have  been  sustainable  from  a 
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maintenance  standpoint.  The  new  coupling  mechanism  is  much  simpler; 
essentially,  it  involves  a  single  subroutine  that  replaces  a  call  to  a  land  sur¬ 
face  model  with  a  call  to  LIS.  The  subroutine  was  written  and  is  main¬ 
tained  by  NASA.  This  simpler  coupling  should  be  sustainable  and  main¬ 
tainable  over  the  long  term  until  WRF  is  replaced  with  a  new  modeling 
infrastructure;  it  should  also  be  simpler  to  operate.  It  is  important  to  test 
this  infrastructure  to  evaluate  the  benefits  that  a  coupled  LIS-WRF  system 
offers.  CRREL  plans  to  field  a  coupled  system  on  an  Army  computing  sys¬ 
tem  to  build  prototype  products  supporting  Army-specific  capabilities  that 
a  non-coupled  system  would  be  unable  to  support,  including  products 
supporting  military  hydrology,  mobility,  and  other  evolving  requirements. 

4.2.2  AFWA  funded  R&D  at  NASA 

4. 2.2.1  Ensemble  development ,  ensemble  weighting 

A  mature  ensemble  modeling  system  should  ideally  have  the  capability  to 
operate  in  a  single-model,  parameter-perturbation  mode  and  with  a  mul¬ 
tiple  model  operation  mode  to  enable  multiple  physical  models  to  fully  ac¬ 
count  for  the  uncertainties  in  soil  moisture  modeling.  Improving  the  pa¬ 
rameter  estimation,  error  propagation,  and  uncertainty  estimation 
capabilities  of  LIS  are  important  to  developing  a  single-model  ensemble 
capability.  Additionally,  expanding  the  number  of  members  in  an  ensem¬ 
ble  tends  to  broaden  the  uncertainty  without  necessarily  gaining  forecast 
skill.  To  increase  forecast  skill,  it  is  necessary  to  account  for  the  weighting 
of  the  ensemble  output,  based  on  a  full  evaluation  (to  include  benchmark¬ 
ing  and  validation)  of  the  configurations  to  reduce  the  uncertainty  around 
observations.  To  this  end,  development  of  an  ensemble  soil-modeling  sys¬ 
tem  should  begin  to  focus  on  the  use  of  multiple  models  and  member 
weighting.  The  output  from  an  ensemble  approach,  coupled  with  Army 
modeling  systems,  will  enable  risk-based,  decision-grade  products. 

4. 2.2.2  LIS-APP  and  Land  Verification  Toolkit  development 

The  LIS  applications  (LIS-APP)  subsystem  and  LVT  subsystem  is  ideally 
suited  for  housing  software  and  algorithms  to  deliver  new  products,  in¬ 
cluding  hydrologic,  drought,  vegetation  health,  and  many  other  possibili¬ 
ties.  As  new  drought  and  hydrologic  products  are  developed,  NASA  should 
expand  the  LIS-APP  to  include  the  new  algorithms  or  models  that  do  not 
require  feedback  during  the  core  LIS  model  cycle  to  create  products.  This 
would  include  water  quality,  soil  strength,  and  other  similar  products.  The 
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LVT  systems’  continued  development  will  enable  further  post-processing 
and  calibration  of  hydrologic  products  requiring  feedback. 

4.2.3  AFWA  Integration 

4.2.3. 1  Noah-MP  parallel  operations 

The  Noah-MP  LSM  could  present  a  significant  challenge  for  AFWA  given 
the  significant  changes  in  the  physics  package.  AFWA  should  dedicate 
considerable  time  to  testing  the  many  new  Noah-MP  options  available,  us¬ 
ing  the  many  new  options  available  in  the  LIS  framework  (e.g.,  LVT)  and 
evaluating  which  options  best  support  both  the  offline  analysis  and  the  ini¬ 
tialization  of  WRF.  An  extended  testing  of  Noah-MP  is  possible  in  the  LIS 
testbed  that  has  archived  multiple  years  of  data  for  this  purpose.  However, 
once  testing  is  complete,  parallel  operations  in  AFWA’s  operational  system 
may  need  to  be  conducted  either  on  a  development  system  or  in  a  produc¬ 
tion  environment  to  enable  users  to  transition  to  a  Noah-MP-based  LIS 
output. 

4. 2. 3. 2  Multi-parameterization  ensemble  modeling  to  support  PAIS. 

AFWA  integration  of  a  LIS-based  ensemble  land  surface  analysis  system  is 
important  for  future  risk-based  support  to  Army  and  the  intelligence 
community.  Currently,  the  IC  has  issued  requirements  necessitating  un¬ 
certainty  estimates  for  surface  parameters  delivered  as  part  of  the  Point 
Analysis  System  (PAIS)  for  soil  moisture,  temperature,  snow  depth,  and  a 
variety  of  other  variables.  Additionally,  uncertainties  are  important  for 
Army  support.  NASA’s  development  of  a  parameter  perturbation-based 
initial  ensemble  capability  should  be  ready  for  initial  testing  in  FY14.  The 
establishment  of  a  LIS-based  ensemble  land  surface  analysis  system  will 
require  considerable  testing  and  evaluation,  and  new  product  development 
will  need  time  to  mature  to  take  full  advantage  of  the  ensemble  products. 
The  fielding  of  a  LIS-ensemble  on  the  development  and  test  system  at 
AFWA  is  the  first  step  in  that  process. 

4. 2. 3. 3  AMSR-2  soil  moisture  and  SWE  assimilation 

Beyond  the  initial  work  to  integrate  AMSR2  snow  products  into  the 
AFWA’s  snow  analysis  processing,  AFWA  needs  to  test  and  evaluate  the 
NASA-developed  SWE  capability  as  a  way  to  fully  replace  the  separate 
snow-depth  processing  algorithms.  The  goal  of  an  assimilation-based 
snow-product  system  is  to  enable  more  accurate,  higher  resolution,  LIS- 
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based  products  that  better  account  for  terrain,  ground  temperature,  and 
snow  age  in  generating  a  snow  depth  product  and  to  improve  the  diagnosis 
of  snow  water  storage  for  the  spring  melt  season  and  the  handling  of  snow 
melt. 

4.3  FY15  development 

4.3.1  CRREL  efforts 

The  research  and  development  CRREL  begins  in  FY14  will  continue 
through  FY15  and  FY16  with  a  focus  on  supporting  the  development  of  a 
brownout  prediction  capability,  developing  a  machine-to-machine  maneu¬ 
ver  support  capability,  supporting  the  development  of  a  domain-wide  mili¬ 
tary  hydrology  prediction  capability,  and  testing  the  coupled  LIS-WRF  sys¬ 
tem. 

Also,  CRREL  is  set  to  launch  a  new  project  in  FY15  termed  the  Army  Ter¬ 
restrial-Environmental  Modeling  and  Intelligence  System  (ARTEMIS). 
ARTEMIS  is  an  effort  to  stand  up  a  research,  development,  test,  and  eval¬ 
uation  platform  composed  of  LIS  and  other  modeling  components.  The 
goal  of  ARTEMIS  is  to  establish  a  system  that  brings  together  capabilities 
of  LIS  with  Army  modeling  systems  and  other  software  to  establish  an 
R&D  prototype  capable  of  delivering  web-based  Army  content  more  di¬ 
rectly  suited  for  supporting  mobility  and  maneuver  support,  military  hy¬ 
drology,  scene  and  target  simulation,  sensor  placement,  and  others.  The 
ARTEMIS  testbed  would  bring  all  NASA  developed  capabilities  in  the  LIS 
infrastructure  together  with  military  applications  to  enable  end-to-end 
systematic  testing. 

4.3.1.1  Snow  science  and  product  improvements 

As  the  DoD  leader  in  cold  lands  research  and  engineering,  CRREL  is  on 
the  leading  edge  of  using  remote  sensing  and  model-based  methods  to 
characterize  the  snow  pack  and  to  link  snow  information  with  military  util¬ 
ity.  However,  the  ability  to  effectively  characterize  the  snow  pack  hinges  on 
new  methods  that  link  remote  sensing  with  physical  retrieval  models 
through  a  data  assimilation  system,  increasing  the  resolution  and  accuracy 
of  current  snow-cover  and  snow-depth  products.  Additionally,  the  snow 
products  need  to  be  tailored  for  support  to  military  utilities  that  better 
support  data  to  decision.  In  FY15,  CRREL’s  Environmental  Intelligence 
research  and  development  work  package  will  investigate  improvements 
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necessary  to  better  characterize  the  snow  pack  using  a  data  assimilation 
approach  and  will  work  toward  better  tailoring  derivative  products  to 
bridge  the  data-to-decisions  gap.  The  research  team  will  work  extensively 
to  identify  new  post-processed  snow  analysis  capabilities  that  they  need  to 
add  for  LIS  to  more  directly  support  the  broader  DoD  (including  Army,  Air 
Force,  and  Intelligence  Communities)  with  focus  on  mobility,  austere  en¬ 
try,  targeting,  and  socio-cultural  impacts. 

4.3.2  NASA  efforts 

4.3.2. 1  Vegetation  health  assimilation,  including  ETP 

In  the  longer  term,  additional  capabilities  are  needed  to  enable  a  full  land 
surface  assimilation  and  characterization  capability  in  LIS.  The  ability  to 
predict  vegetation  health  using  vegetation  canopy  physics— such  as  those 
being  developed  within  the  Noah-MP  model— within  the  LIS  is  the  next 
step  in  developing  a  full  land  surface  characterization  system.  Vegetation 
has  a  significant  impact  on  soil  moisture  and  boundary  layer  energy,  act¬ 
ing  as  the  conduit  to  transfer  moisture  between  the  ground  and  the  atmos¬ 
phere  through  transpiration,  and  affecting  overall  atmospheric  humidity 
(Wolf  and  Market  2007).  Additionally,  accounting  for  vegetation  can  be 
important  for  future  support  to  scene  simulation,  target  selection,  and  in¬ 
telligence  applications.  An  atmospheric  and  soil-water  deficit  affects  vege¬ 
tation  also,  degrading  vegetation  health  in  times  of  drought  or  extreme 
heat  stress.  The  operational  land  surface  models  do  not  currently  account 
for  the  influences  of  dynamic  vegetation  other  than  simple  shading  of  the 
ground  surface  and  bulk  computations  of  evapotranspiration. 

Current  Noah  LSM  development  has  pushed  for  improved  physical  han¬ 
dling  of  vegetation  effects.  Several  LSMs  already  include  multi-layer  cano¬ 
py  models  (e.g.,  FASST,  CLM).  However,  these  models  need  to  better  ac¬ 
count  for  carbon  dioxide  exchanges  to  more  accurately  simulate  heat  and 
vapor  exchanges  between  the  bulk  plants  and  the  atmosphere. 

Physical  model  development  and  testing  is  important  to  enable  the  next 
phase— assimilating  of  vegetation  properties  from  satellite  sensors.  There 
are  current  algorithms  that  attempt  to  diagnose  a  soil  moisture  profile 
through  simple  evapotranspiration;  however,  these  remotely  sensed  meth¬ 
ods  rely  on  cloud  free  skies.  Incorporating  these  capabilities  as  compo¬ 
nents  of  the  vegetation  algorithms  in  the  LSMs  or  as  capabilities  within  the 
LIS  assimilation  system  would  not  only  provide  additional  observations 
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needed  to  properly  diagnose  soil  moisture,  but  also  would  more  explicitly 
identify  and  predict  vegetation  health.  Improving  measures  of  vegetation 
health  and  the  influence  that  vegetation  has  on  surface  emissivity  in  both 
the  IR  and  microwave  frequencies  is  important  for  improving  satellite  ra¬ 
diance  assimilation  over  land. 

4. 3. 2. 2  Satellite  assimilation  of  cloud  cleared  radiances  for  skin  temperature 

NASA  developed  a  capability  to  use  the  ensemble  Kalman  Filter  in  LIS  to 
assimilate  geostationary  and  polar  orbiting  satellite  sensor  IR  frequency 
skin  temperature  data.  This  capability  was  never  transitioned  into  AFWA, 
primarily  because  the  capability  was  developed  using  the  NASA  Catchment 
land  surface  model  instead  of  the  Noah  LSM  because  of  physics  limitations 
in  the  surface  temperature  computation  in  the  Noah  LSM  at  the  time.  The 
upgrades  now  available  in  the  Noah-MP  model  should  provide  a  method 
to  assimilate  surface  temperature  observations.  Additionally,  with  the 
linking  of  LIS  with  the  CRTM,  pursuing  the  ability  to  assimilate  cloud- 
cleared  radiances  for  skin  temperature  should  potentially  provide  a  higher 
resolution  option  versus  a  gridded  brightness  temperature  approach. 

NASA  should  test  the  skin  temperature  assimilation  method  with  Noah- 
MP,  given  the  relationship  between  LIS,  Noah-MP,  and  WRF.  The  assimi¬ 
lation  of  skin  temperatures  will  reduce  LIS  output  skin  temperature  bias 
and  improve  the  detection  of  clouds  in  CDFS-II. 

4.3.3  AFWA  in-house  integration 

During  this  period,  AFWA  should  continue  working  with  the  Noah-MP 
physics  in  LIS  and  work  toward  implementing  a  Noah-MP  option  in  the 
operational  system.  Additionally,  continued  integration  and  evaluation  of 
the  multi-parameterization  options  in  LIS  should  continue  with  testing  to 
support  the  PAIS. 

4.3.3. 1  Multi-model  approach  initial  integration 

One  of  the  earliest  LIS  goals  established  under  the  previous  LDP  was  to 
implement  additional  land  surface  models  beyond  the  AFWA  standard 
Noah  LSM.  The  Community  Noah  LSM  (Noah)  is  a  well-established  phys¬ 
ics  model  with  strong  community  support.  It  is  co-managed  by  the  Na¬ 
tional  Centers  for  Environmental  Prediction  (NCEP)  and  NCAR,  with  in¬ 
put  from  AFWA;  however,  there  are  many  additional  LSM  options  in  LIS 
that  need  to  be  evaluated  for  use  in  the  ensemble  modeling  capacity.  The 
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NCAR  Community  Land  Model  (CLM),  NASA  Catchment  model,  and  Var¬ 
iable  Infiltration  Capacity  (VIC)  (Liang  1994)  models  are  only  a  small 
sample  of  additional  LSMs  available  in  LIS;  and  all  three  have  a  team  of 
community  renowned  scientists  supporting  continued  development.  Each 
of  the  models  has  additional  product  output  options  that  could  improve 
drought  and  hydrologic  predictions.  Also,  there  are  more  advanced  physics 
options  available  in  the  other  models  that  are  not  part  of  the  Noah  LSM. 
The  ability  to  assimilate  skin  temperature  products  should  be  done  with  an 
LSM  other  than  the  heritage  Noah  LSM  (e.g.,  NASA  Catchment,  Noah- 
MP),  and  the  assimilation  of  GRACE  satellite  observations  are  only  possi¬ 
ble  with  land  surface  models  that  contain  a  groundwater  component. 

4. 3. 3. 2  Begin  testing  drought  prediction  capability 

Once  a  successful  demonstration  of  an  initial  LIS-based  drought- 
prediction  capability  has  been  accomplished,  CRREL  and  AFWA  should 
partner  to  transition  the  technology  into  an  operational  capability  at 
AFWA,  enabling  AFWA  to  deliver  both  weather  and  climate  products  that 
support  stability  operations.  The  actual  design  of  the  capability  will  de¬ 
pend  heavily  on  the  results  of  the  2012-2013  NASA-CRREL  research  pro¬ 
ject;  however,  it  will  be  important  for  this  capability  to  have  the  ability  for 
AFWA  to  run  long  term  simulations  with  multiple  land  models,  to  assimi¬ 
late  new  GRACE  water  storage  and  AMSR2  soil  moisture  observations, 
and  to  pull  in  NASA  or  NCEP  produced  seasonal  predictions.  This  should 
not  present  scientific  challenges  for  AFWA;  rather,  the  challenges  will  be 
more  infrastructural  related  (the  ability  to  acquire  new  satellite  data 
sources,  to  obtain  seasonal  prediction  output,  to  access  computing  hard¬ 
ware  to  compute  long  term  simulations,  and  to  handle  much  heavier 
memory  and  storage  demands  than  currently  being  used).  AFWA  will  need 
to  plan  and  coordinate  these  challenges  with  the  NASA-CRREL  team  as 
they  develop  and  design  a  drought  prediction  formula  for  DoD  application. 

4.4  FY16  development 

4.4.1  CRREL  efforts 

4.4.1.1  Ensemble  product  development  (mobility  risk  and  hydrological  risk) 

In  agreement  with  the  general  plan  to  move  towards  reducing  the  data-to- 
decision  gap  and  increasing  the  utility  of  weather  information  available  to 
support  operations,  a  logical  next  step  is  migrating  the  current  determinis¬ 
tic  methods  toward  a  risk-based  approach  and  tailoring  the  products  to- 
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ward  increased  utility  by  mission  operations  groups,  an  implementation  of 
ensemble-based  capabilities.  The  methods  for  producing  ensemble-based 
mobility  products  could  range  from  a  single  mobility  model  using  a  range 
of  weather  information  (perturbed  soil  moisture,  precipitation,  etc.)  to  one 
that  includes  variances  within  the  mobility  model.  This  preliminary  devel¬ 
opment  would  initially  focus  on  using  the  ensemble  soil  moisture  analyses 
and  predictions  to  initialize  an  array  of  mobility  scenarios  using  a  single 
deterministic  mobility  model  (e.g.,  NRMM).  The  validation  of  this  effort 
would  focus  on  the  systems’  ability  to  generally  describe  real  scenarios 
within  an  envelope  of  uncertainty.  Refinement  of  the  ensemble,  to  either 
reduce  ensemble  uncertainty  or  to  better  position  the  ensemble  envelope 
around  observations,  would  include  improving  and  perturbing  the  mobili¬ 
ty  (hydrology,  etc.)  models.  CRREL  should  consider  multi-model  options, 
and  the  research  technical  staff  should  conduct  further  studies  to  develop 
ensemble-weighting  techniques. 

4.4. 1.2  Investigate  the  capability  to  predict  reservoir  storage  levels  (water 
security) 

Expanding  on  stability  operations  support,  developing  new  support  op¬ 
tions  to  predict  water  storage  (reservoir  height  and  lake  levels)  should  be 
evaluated  either  using  a  LIS-only  capability  or  a  LIS-supported  capability 
that  feeds  additional  model,  observation,  and  analysis  systems.  NASA  and 
the  US  Department  of  Agriculture  (USDA)  currently  monitor  reservoir  and 
lake  levels  using  satellite  altimetry  data  as  the  basis  for  water  height  meas¬ 
urements;  however,  there  is  no  predictive  component.  Existing  capabili¬ 
ties,  including  ERDC’s  streamflow  and  reservoir  height  prediction  models 
(Downer  et  al.  2004a;  Downer  et  al.  2004b;  Downer  et  al.  2004c)  and 
more  recent  CRREL  and  CHL  collaboration  on  using  LIS  to  initialize  CHL 
watershed  models  (Eylander  et  al,  2012)  highlight  existing  capabilities  that 
exist  to  produce  watershed  predictive  analyses;  however,  tying  these  capa¬ 
bilities  to  weather  prediction  models  is  the  next  step,  for  short  term,  long 
term,  and  seasonal  forecasts.  Predicting  reservoir  heights  could  be  a  com¬ 
ponent  of  the  environmental  intelligence  system  and  supports  interna¬ 
tional  water  treaty  monitoring,  stability  operations,  and  other  intelligence 
community  operations. 
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4.4.2  NASA  efforts 

4.4.2. 1 IMERG  integration  (assimilation-based  precipitation  analysis) 

Precipitation  is  one  of  the  most  important  input  variables  in  an  LSM.  The 
previous  LIS  development  plan  focused  heavily  on  improving  precipitation 
forcing  in  LIS.  This  development  plan  will  continue  to  focus  on  methods 
that  will  improve  precipitation  forcing;  however,  it  should  also  evaluate 
additional  methods  for  remotely  diagnosing  precipitation  as  additional  op¬ 
tions  beyond  use  of  surface  observations  or  remotely  sensed  observations. 
In  2011,  many  of  the  global  precipitation-measuring  community  members 
came  together  to  collaborate  on  merging  the  best  of  several  global  precipi¬ 
tation  analysis  methods  into  a  single  precipitation  analysis  system.  They 
intended  the  Integrated  Multi-Satellite  Retrievals  for  GPM  (IMERG)  to 
intercalibrate,  merge,  and  interpolate  all  satellite  microwave-based  precip¬ 
itation  estimates  together  with  IR-based  estimates,  gauge  analyses,  and 
any  other  precipitation  analysis  (Huffman  et  al.  2011).  This  NASA  GPM 
mission-supported  project  is  being  designed  to  incorporate  the  latest  ad¬ 
vances  in  data  blending,  including  using  the  Kalman  filter  techniques,  to 
blend  satellite  data,  to  gauge  observations,  and  to  model  estimates  to  de¬ 
sign  an  advanced  precipitation  analysis  engine.  To  continue  a  focus  on 
providing  the  most  accurate  global  precipitation  analysis  possible,  evalua¬ 
tion  and  integration  of  advanced  methods  like  those  being  developed  in 
IMERG  into  LIS  will  be  important.  The  IMERG  algorithm  could  replace  or 
update  the  CMORPH  system,  or  the  entire  IMERG  capability  could  be  fully 
integrated  into  the  LIS  infrastructure. 

4A.2.2  Radiance-based  assimilation  (land  surface  temperature  and  soil 
moisture) 

NASA  should  continue  to  push  toward  developing  a  radiance-based  assim¬ 
ilation  method  for  soil  temperature  and  soil  moisture.  Previous  fiscal  year 
development  of  a  skin  temperature  radiance-assimilation  method  will  con¬ 
tinue  with  additional  focus  put  on  passive  microwave  radiance  assimila¬ 
tion  for  soil  moisture.  However,  to  develop  a  mature  passive  microwave 
radiance  assimilation  process,  it  is  necessary  to  develop  an  improved  mi¬ 
crowave  emissivity  model.  Ideally,  NASA,  NOAA,  and  DoD  should  push  for 
the  development  of  a  microwave  emission  model  and  inclusion  of  neces¬ 
sary  channels  into  the  CRTM. 
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4.4.3  AFWA  in-house  integration 

AFWA  should  consider  integration  of  the  ERDC-developed  modeling  ca¬ 
pabilities,  including  maneuver  support,  hydrology,  and  dust  prediction. 
AFWA’s  numerous  database,  computing,  and  software  systems  (e.g.,  LIS, 
WRF,  terrain  databases,  etc)  currently  generate  or  already  contain  much  of 
the  data  needed  to  drive  mobility  decisions.  Development  of  a  simple  ma¬ 
neuver  support  system  as  a  component  of  AFW-WEBS  could  be  synergistic 
with  higher  fidelity  capabilities  housed  within  Army  systems.  Housing  hy¬ 
drology  modeling  could  function  in  a  similar  fashion,  with  coarse  resolu¬ 
tion  ensemble-based  methods  housed  at  AFWA  for  immediate  decision- 
level  products  and  higher  fidelity  products  housed  within  Army  programs 
of  record  where  more  deliberate  decisions  are  needed. 

4.5  FY17  development 

4.5.1  CRREL  efforts 

During  the  FY17  period,  CRREL  will  continue  developing  the  Environmen¬ 
tal  Intelligence  framework,  building  support  for  a  variety  of  capabilities, 
including  environmental  support  to  stability  operations,  which  includes 
support  for  food  security,  water  security,  and  military  operations.  This  will 
include  an  ensemble-based,  risk  prediction  system  used  to  support  out¬ 
looks  of  groundwater  availability,  reservoir  storage,  domain-wide  flooding 
risk,  and  other  products  all  housed  on  a  discoverable,  open  geospatial  dis¬ 
play  system.  The  goal  is  to  use  the  Environmental  Intelligence  system  as  a 
method  of  prototyping  capabilities  and  to  enable  wide  audience  feedback 
prior  to  transitioning  capability  to  an  operational  provider. 

4.5.2  NASA  efforts 

This  stage  of  LIS  development  will  involve  continuation  of  the  integration 
of  IMERG  into  LIS.  This  could  be  as  a  replacement  for  current 
CMORPH/GEOPRECIP/GFS  precipitation  processing  components,  which 
are  then  treated  as  “input  data”  in  LIS,  or  as  a  completely  integrated  capa¬ 
bility  within  the  LIS  infrastructure.  Additionally,  continued  focus  on  satel¬ 
lite  radiance  assimilation  for  soil  moisture  and  soil  temperature  should 
continue  into  this  increment  of  LIS  development. 

Evaluation  of  vegetation  product  assimilation,  with  a  goal  on  predicting 
vegetation  health,  should  continue  during  this  time.  Several  methods,  in¬ 
cluding  the  SEBAL  technique  and  others,  use  Infrared  frequency  satellite 
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data  to  evaluate  vegetation  evapotranspiration  (ET).  Given  the  linkages 
between  ET,  weather,  and  soil  moisture,  linking  ET  measurements  with 
the  land  surface  model  will  increase  opportunities  to  more  accurately  di¬ 
agnose  soil  moisture  and  soil  temperature  from  non-direct  measurements 
and  will  also  increase  the  options  available  for  directly  predicting  vegeta¬ 
tion  health  remotely. 

4.5.3  AFWA  in-house  integration 

Integration  efforts  will  need  to  focus  heavily  on  obtaining  all  the  satellite 
data  necessary  to  enable  real-time  assimilation  of  soil  moisture,  soil  tem¬ 
perature,  and  vegetation  properties.  Incorporating,  testing,  and  evaluating 
the  radiance  assimilation  capabilities  will  also  be  important  during  this 
period. 

A  reevaluation,  integration,  and  testing  of  the  coupled  LIS-WRF  system 
should  occur  during  this  phase  to  enable  AFWA  to  more  directly  support 
the  many  service  options  (products)  being  developed  for  LIS.  This  will  in¬ 
clude  all  the  LIS  post-processor  flood,  drought,  and  vegetation  health 
components  described  in  this  paper  that  are  not  available  in  the  WRF 
post-processor.  Using  output  from  the  coupled  LIS-WRF  system,  AFWA 
will  need  to  test  the  support  for  maneuver  modeling,  austere  entry,  oppor¬ 
tune  landing,  and  other  ground  operations  programs.  Additionally,  testing 
of  a  brown-out  prediction  capability  using  LIS-WRF  will  happen  during 
this  period. 
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5  Summary 

This  document  describes  a  series  of  new  development  goals  and  provides  a 
pathway  to  a  more  complete  terrestrial  characterization  infrastructure  ca¬ 
pable  of  supporting  a  variety  of  DoD  and  Intelligence  Community  re¬ 
quirements.  The  focus  on  continuing  to  mature  the  infrastructure  while 
also  building  new  products  will  enable  broader  support  for  Army  needs. 
Using  LIS  as  the  environmental  source  for  application-layer  support  to 
maneuver  operations,  gap  crossing,  opportune  landing,  hydrology,  scene 
simulation,  target  selection,  and  dismounted  mobility  will  greatly  increase 
the  relevance  and  usefulness  of  LIS  in  the  weather  services  infrastructure. 
Also  important  will  be  new  opportunities  to  support  human- 
environmental  impact-based  products  that  consider  changing  climate  and 
seasonal  weather  shifts  leading  to  drought  and  similar  issues.  Improving 
the  linkages  between  weather,  climate,  and  socio-cultural  and  socio¬ 
economic  problems,  topics  described  as  Stability  Operations,  will  become 
more  important  in  the  coming  years.  The  resultant  LIS  infrastructure,  if 
this  plan  is  successful,  will  be  capable  of  supplying  the  environmental  data 
that  supports  a  broad  array  of  military  operations  and  is  relevant  to  large 
spectrum  Army,  Air  Force,  and  IC  users. 
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